We report on the current-carrying capability and the high-current-induced thermal burnout failure modes of 5-20 μm diameter double-walled carbon nanotube (DWNT) fibers made by an improved dry-spinning method. It is found that the electrical conductivity and maximum current-carrying capability for these DWNT fibers can reach up to 5.9 × 10 5 S m −1 and over 1 × 10 5 A cm −2 in air. In comparison, we observed that standard carbon fiber tended to be oxidized and burnt out into cheese-like morphology when the maximum current was reached, while DWNT fiber showed a much slower breakdown behavior due to the gradual burnout in individual nanotubes. The electron microscopy observations further confirmed that the failure process of DWNT fibers occurs at localized positions, and while the individual nanotubes burn they also get aligned due to local high temperature and electrostatic field. In addition a finite element model was constructed to gain better understanding of the failure behavior of DWNT fibers.
Introduction
In the last two decades, carbon nanotubes (CNTs) have received great attention due to their outstanding electrical properties such as ballistic electronic conduction [1] , high current densities and applications such as transparent conductors [2] [3] [4] . Macroscopic fibers composed of such CNTs were expected to not only yield great advances in forming high strength, lightweight, thermally and electrically conducting materials, but also to act as the building block of advanced composite materials. Many reports have been focused on preparing such CNT fibers by direct synthesis, liquid state wet-spinning and solid state dry-spinning techniques [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In the dry-spinning process, CNT fibers with diameter range of 10-500 μm were directly pulled out from continuous CNT cotton or yarn [6] [7] [8] [9] [10] [11] [12] . In the wet-spinning process, CNT powder was dispersed into solvents with polymers and then glued together into fibers of typical diameters of 20-200 μm [13] [14] [15] . Recently, CNT fibrils with diameters smaller than 1 μm have been reported by using a dielectrophoretic technique [16] . In spite of excellent electrical properties of individual nanotubes, various types of defects such as the structural defects, or impurities and semiconducting CNTs present in the assembled CNT fibers significantly reduce the electrical conductivity and current-carrying capability. Therefore, it is important to seek alternative and/or improved methods for macroscopic fiber formation, which could retain a significant portion of the extraordinary mechanical and electrical properties of individual CNTs and in turn provide a low cost, sustainable stepping stone for future electric wire development. Meantime, it is also very important for the scientific community to understand how CNT-based fiber will behave in high current-carrying applications with the goal of one day replacing heavy traditional metallic wires. Therefore, the electric conduction of CNT-based fibers, especially the breakdown at high temperature induced by high current and Joule heating, should be investigated. Double-walled carbon nanotube, consisting of two concentric graphene layers, has unique mechanical properties and excellent chemical stability [17] [18] [19] .
DWNT is a reasonable compromise between the excellent electronic properties of single-walled nanotubes and the mechanical and chemical stability of multi-walled nanotubes. In our previous work, DWNT cottons have been mass-produced by a floating chemical vapor deposition method [20, 21] . Here, we further optimized the formerly used drawingdrying process to fabricate fibers with smaller diameters. By adding acetone to shrink the as-drawn fiber, we found that the DWNT fibers can be produced to a length of several millimeters and diameters in the range of 5-20 μm when desired. The electrical measurements revealed that DWNT fibers exhibit high electrical conductivity and excellent currentcarrying capability, suggesting their potential applications in lightweight electrical cables. Moreover, the DWNT fibers pose a unique electrical breakdown behavior under high current load. We believe that this study will provide important insights into the stability and failure properties of carbon nanotubebased fibers for electronics applications.
Experimental section
The cotton-like DWNT samples were prepared by a floating catalyst CVD method using xylene and ferrocene as the carbon and catalyst source at the temperature of 1000
• C. Two-step purification processes, including oxidation at 350
• C for 24 h and subsequent immersion in 37 wt% HCl solution for two days, were carried out to remove amorphous carbon and iron catalyst particles from the DWNTs samples. A custom-made fiber spinning setup was used to draw out the DWNT cottons into a fiber, as shown in figure 1 [21] . We used a sharp curved hook to draw a very small strand from the purified DWNT samples. Several drops of acetone were than introduced into the initial strand in order to enhance its stiffness for future fiber pulling. During the pulling-winding process, acetone solution was continuously dropped onto the as-spun fibers. A hot air blower was used to enhance the drying of the as-drawn fibers. It was found that the quick evaporation of acetone could efficiently shrink and compact the nanotubes inside the fiber, thus producing fibers with much smaller diameters compared to our previous work [20, 21] . It is found that centimeterlong DWNT fibers with diameters of 5-20 μm could be continuously drawn from our purified nanotubes.
The measurements of electrical conductivity and currentcarrying capability were performed on the DWNTs fibers with different diameters. The centimeter-long DWNT fibers were first bonded on a silicon-silicon oxide wafer by several silver electrodes with different gaps. Their electrical conductivities were tested by measuring the I -V characteristics in air with the four-probe configuration through a Keithley electrometer with a custom-made test-program. The current-carrying capability experiments were performed by continuously increasing the bias voltage on the fibers using a two-probe arrangement. The diameter of the tested fiber was measured by SEM. For the subsequent calculations the fiber cross-section was assumed to be circular and uniform along the fibril axis.
Scanning electron microscopy (JEOL 6500), Raman spectroscopy (RENISHAW InVia), transmission electron microscopy (JOEL 2010), and thermal gravimetric analysis (TGA, Thermo Plus-TG8120) were used for fiber's characterization.
Results and discussions

The morphology of DWNT fibers
Figure 2(a) shows the low-magnification scanning electron microcopy (SEM) image of a typical as-drawn DWNT fiber. It is clearly seen that the fiber shows uniform diameter along the entire length. The diameter of the as-spun DWNT fiber is controllable in the range of 5-20 μm, which is much smaller than previously reported. This is due to the shrinking and compacting of the fibers from the quick evaporation of acetone injected during drawing [21, 22] . Figure 2 (b) reveals that most of the nanotube bundles inside the microfiber are entangled but also show a smooth surface along the fiber axis. Figure 2 (c) is a typical transmission electron microscopy (TEM) image of DWNT fibers. It shows that most of nanotubes inside the fiber are DWNTs with diameters of 1-2 nm. The sectional TEM image (the inset of figure 2(c)) indicates the hexagonal-close-packed structure of nanotubes inside DWNT bundles. Polarized Raman spectroscopy was performed on the as-drawn fiber for detecting the nanotube orientation inside the fiber. the case of the fiber axis parallel to the optical polarization direction are approximately four times higher than that of the fiber axis vertical to the optical polarization direction. This indicates the nanotubes have been drawn out strongly orientated along the fiber axis, which is in agreement with the SEM and TEM observations. The inset of figure 2(d) shows the radial breathing vibration mode (RBM) of DWNTs in the lowfrequency 100-300 cm −1 region, which is very sensitive to the diameter of individual nanotubes inside the fibers. There are two resonant Raman peaks in the RBM regions. Considering DWNT has two concentric graphene layers, the two resonant peaks could be assigned to the inner tube and the outer tube of DWNTs. According to the relation between diameter and frequency (ω RBM = 224/d + 14 (nm)) [3, 23] , it is calculated that the DWNTs inside the drawn fibers have inner diameters of 0.8-1 nm and outer diameters of 1.4-1.6 nm, which is consistent with our above TEM observation.
The electrical measurement of DWNT fibers
The electrical conductivity and current-carrying capability of DWNT fibers with different diameters were measured by a four-probe configuration in air. Figure 3(a) shows an optical image of a DWNT fiber contacted with several metal (Ag) electrodes. A typical I -V curve of a DWNT fiber is shown in figure 3(b) . Considering the similarities in the microstructure, the material's properties and the applicability, we have selected a commercial polyacrylonitrile (PAN) carbon fiber as a reference. The linear behavior of the curves at large bias voltage range in our measurements and the similarity of the two-probe and four-probe measurements indicate good ohmic contacts between the fibers and the electrodes. The conductivity of DWNT fiber is calculated as 3.1 × 10 5 S m −1 , which is over ten times higher than that of PAN carbon fiber (2.2 × 10 4 S m −1 ). It is worth mentioning that it is still two orders of magnitude lower than that of current copper wire with similar diameter. The electric conductivity experiments were repeated with several samples of different diameters. We found that the conductivity of the as-drawn DWNT fibers ranged from 0.9 × 10 4 to 5.9 × 10 5 S m −1 , where smaller diameter fibers exhibited higher conductivity values.
The current-carrying capability of DWNT fibers was investigated in air by continuously increasing the bias voltage loaded on the fiber with two electrodes. Figure 3(c) shows an optical image of a burning DWNT fiber when passing a high current. It is found that most of the fibers failed in the middle of the contacted segments. The current-carrying capabilities for a DWNT fiber and a PAN carbon fiber are shown in figure 3(d) . It can be seen that the current suddenly burns the PAN carbon fiber when the value reaches its maximum at 25.5 mA. The as-drawn DWNT fibers, however, exhibit a unique, more favorable burning process when the possible application for electrical wiring is considered. Here the sudden, catastrophic failure is not desired since the cable prefers to withstand the sudden and short current bursts close to their tolerance limit. The current first reaches a maximum value of 35.4 mA, then continuously reduces down to 24.4 mA with loaded bias voltage increasing, and suddenly falls to 0 mA when the fiber burns and breaks. A video of the burning process is shown in the supporting material (available at stacks.iop.org/Nano/ 23/015703/mmedia). It is visible that the middle part of the DWNTs' fiber section first becomes very hot (glowing red in the video) due to high local temperature induced by high current flow, and then breaks down by nanotubes burning away at the center region of the fiber (also see figure 3(c) ). We suggest that the individual nanotubes and bundles inside the DWNT fiber start to fuse and burn when the local electrical field becomes high, thus the increased resistance, as shown in the supporting video (available at stacks.iop.org/Nano/23/ 015703/mmedia) and the breakdown point of figure 3(d). There were some cases when the fiber failure occurred further away from the center point. This can be explained with the irregularities in the width of the fiber or other imperfections introduced during manufacturing. In order to get the average value, the current-carrying capability experiments were also repeated in different sections of the same fiber. It is found that the maximum current value ranged from 30 to 100 mA (the range is due to the diameter differences of the DWNT fibers). Table 1 shows the electrical conductivity and current-carrying capability results obtained from DWNT fibers with different diameters. It is estimated from table 1 that the maximum current density for DWNT fiber with the smallest diameter could reach as high as 1.03 × 10 5 A cm −2 , which is superior to the PAN carbon fiber (8×10 4 A cm −2 ). We note that this value represents a value where the lower limit as the cross-section used in the calculation is the geometrical cross-section of the fiber whereas the actual cross-section carrying the current is much smaller as the fiber is only loosely packed with the nanotubes. With the free volume of the fiber considered, its effective cross-sectional area needs to be determined to obtain the real modulus [24] [25] [26] . From SEM images of the broken tip of fibers, we can assume the nanotube bundles have a similar diameter (100 nm) and interstitial spacing (100 nm). The percentage free of the volume is calculated by using the
, where D is the diameter of nanotube bundles, d is the distance between two bundles. The approximate free volume is 80% ± 10% for DWNT fibers. Furthermore, considering the interstitial space between the single nanotubes in each bundle, the percentage of the free volume is calculated to be 10% ± 5% provided that the DWNTs are in hexagonal-close-packed structure within the bundle [27, 28] . From these assumptions, the percentage of the effective cross-sectional area is calculated to be 15% ± 10%. Therefore, the current density for DWNT fiber could reach as high as 7 × 10 5 A cm −2 , in the case of a nearly perfect fiber. 
The failure behavior of DWNT fibers
In order to have a better understanding of the burning failure behavior, SEM and TEM observations were performed to reveal the detailed structure of the DWNT and PAN fibers at the failure point. It is observed that disjointed parts across the length of the PAN fiber ( figure 4(b) ), during high current failure, have burnt off forming large holes in the fiber with a morphology resembling a Swiss cheese. Some parts of the material seem to have been removed from the PAN fiber at different locations along the fiber. This type of failure becomes catastrophic because it makes the fiber extremely non-uniform. We suggest that this failure could be ascribed to PAN fiber's oxidization in air by locally increased temperature when the high current flows at a smaller cross-section. In the case of DWNT fiber, the failure has occurred at a well-defined single location, as shown in figure 4(a) . This failure and the broken ends can be attributed to the burning of carbon nanotubes in air induced by the high local temperature. The high magnification SEM and TEM images in figures 4(c)-(g) feature the close-up views of the broken end of a DWNT fiber of 12 μm diameter, clearly showing several protruding smaller nanotube bundles terminated in sharp and fused tips. These bundles at the broken ends of DWNT fibers are composed of aligned, compacted nanotubes tapering to a single nanotube at the tip. Some residual catalyst particles coated with amorphous carbon are observed in figure 4(e). We suggest that this morphology of the broken DWNTs fiber end occurs during the Joule-heating-induced inhomogeneous break-up events taking place in a large number of individual nanotubes that constitute the fiber [29] [30] [31] . The particular alignment of nanotubes seen at the broken ends of the DWNT fiber is most probably due to the high electric field at the location close to the instant of the fiber breakdown; similar structures were reported earlier in the case of SWNTs and MWNTs [32] . When the fiber fails the current stops flowing through the formed gap; however, the rest of the carbon nanotube fiber remains unchanged, its conductivity is still high. As a result, the applied voltage drops on the gap itself, not on the fiber, and it causes high electrostatic field. When the rest of the fiber is negatively charged the small fibrils in the fiber exert repulsive forces on each other and they move to the furthest mechanically allowed position. The process is localized to a few micrometer regions of the freshly burned tips, however this electrostatic force could open a larger part of the fiber. We assume that the opening up is localized as the inner structure of the fibers is mechanically stable in the long run, the fibrils which run independently for a few micros touch and entangle with each other.
The finite element model of fibers
To gain a better view of the burnout behavior, the localized temperature fields and the electrical conduction in PAN and DWNT fibers, a finite element model was constructed using the Ansys software package. In this model, DWNT and PAN fibers are considered as a core-shell material. This is due to the strong anisotropy in the electrical conductivity as described by others [33, 34] . According to the simulation results the core-shell structure describes the electrical conductance and the Joule heating better than applying the anisotropic materials properties only. It might be due to the fact that the electrical contact is on the surface of the fibers only, thus most current will flow on the outer part of the fiber. Thermal conductivity for carbon fiber (70 W m −1 K −1 ) was taken from the references of Amoco Performance Products, Inc. Thermal conductivity of DWNT (100 W m −1 K −1 ) was estimated by using the results of Hsu et al [35] . The applied load on the electrical contacts was 3.76 V and 6.88 V for DWNT and PAN fibers respectively. These voltage values correspond to the measured peak currents in DWNT and PAN fibers, which were followed by the electrical breakdown and burning. Our simulated results-shown in figures 5(c) and (d)-reveal that the fiber will have a burnout failure at the center region when the temperature increases to a higher value than the oxidation temperature of the material. This has been confirmed by experimental observations. At the failure region, the calculated local temperature for PAN and DWNT fibers is consistent with the above TGA data, hence the core-shell structure adequately describes the electrical conductivity and the Joule heating in both systems. See the detailed finite element simulation in S1 (available at stacks.iop.org/Nano/23/015703/mmedia).
Conclusions
We have fabricated DWNT fibers with diameters in the range of 5-20 μm by an optimized drawing method. Electrical measurements revealed that the conductivity of DWNT fibers is over an order of magnitude higher than that of commercial PAN-based carbon fibers. The high current-carrying capability of the DWNT fibers and their failure features upon electric burning were studied. It is found that the current-carrying capability of DWNT fibers can reach as high as 10 5 A cm −2 , which is one order higher than standard carbon fiber. Moreover, the high current quickly oxidizes and burns PAN fiber with cheese-like morphology when the maximum current is reached, causing violent and harmful material ejection over the entire length of the fibers, while DWNT fibers show a much slower breakdown behavior due to the slow burning process in the fiber. SEM and TEM observations prove that the failure of DWNT fiber occurs at single localized positions and the individual nanotubes get burnt out and are aligned due to localized temperature rise. These investigations allow us to better understand the breakdown failure behaviors of carbonbased fibers under high current and thus point out the direction for the future development of carbon nanotube-based electric wiring. 
